Fibromatous soft tissue lesions, namely desmoid-type fibromatosis and Gardner fibroma, may occur sporadically or as a result of inherited predisposition (as part of familial adenomatous polyposis, FAP). Whereas desmoid-type fibromatosis often present b-catenin overexpression (by activating CTNNB1 somatic variants or APC biallelic inactivation), the pathogenetic mechanisms in Gardner fibroma are unknown. We characterized in detail Gardner fibromas diagnosed in two infants to evaluate their role as sentinel lesions of previously unrecognized FAP. In the first infant we found a 5q deletion including APC in the tumor and the novel APC variant c.4687dup in constitutional DNA. In the second infant we found the c.5826_5829del and c.1678A4T APC variants in constitutional and tumor DNA, respectively. None of the constitutional APC variants occurred de novo and both tumors showed nuclear staining for b-catenin and no CTNNB1 variants. We present the first comprehensive characterization of the pathogenetic mechanisms of Gardner fibroma, which may be a sentinel lesion of previously unrecognized FAP families.
INTRODUCTION
Familial adenomatous polyposis (FAP) is an autosomal dominant disease caused by APC constitutional variants. It is characterized by the occurrence of multiple polyps in the colon and rectum that begin to develop, on average, at age 16 years. 1 The mean age of colon cancer in previously undiagnosed individuals is 39 years and the penetrance is 100% in the typical forms of FAP. 1 Extraintestinal manifestations of FAP include fibromatous soft tissue lesions, osteomas, dental abnormalities, and congenital hypertrophy of the retinal pigment epithelium (CHRPE). The APC gene encodes a large protein that is involved in the Wnt signal cascade by downregulating b-catenin. 2, 3 When the APC function is lost, b-catenin accumulates and migrates to the nucleus, affecting proliferation, differentiation, migration, and apoptosis. 4 Fibromatous soft tissue lesions, including desmoid-type fibromatosis and Gardner fibroma, may occur sporadically or as part of FAP. 1, [5] [6] [7] The FAP-associated fibromatous soft tissue lesions often present b-catenin overexpression, which may result from activating somatic variants of the CTNNB1 gene (encoding the b-catenin) or from biallelic inactivation of the APC gene. As FAP patients are characterized by constitutional APC variants, they develop the disease when inactivation of the second allele occurs at the somatic level. The pathogenetic mechanisms of the rarer Gardner fibromas are still unknown. As 15-20% of constitutional APC variants occur de novo 8 and fibromatous soft tissue lesions may be the first manifestation in FAP patients, genetic characterization of these tumors, especially in children, may help to identify FAP patients. We report the cytogenetic, molecular genetic, and immunohistochemical characterization of two Gardner fibromas, which allowed the identification of two previously unrecognized FAP families with constitutional APC variants.
MATERIALS AND METHODS
The first case was a 5-month-old child who had two lumbar subcutaneous nodules. The immunohistochemical study showed immunoreactivity for CD34 and negativity for a-smooth muscle actin and a diagnosis of Gardner fibroma was made. The second case was a 4-month-old child with a right scapular subcutaneous nodule with soft consistency. Magnetic resonance imaging revealed a mass suggestive of a desmoid tumor. The immunohistochemical study showed immunoreactivity for CD34 and vimentin and negativity for a-smooth muscle actin and desmin, also consistent with Gardner fibroma. Owing to the association of Gardner fibroma with FAP, a recommendation for genetic counseling was made in both cases.
Chromosome banding analysis was performed in the first infant as sufficient fresh material was obtained. Clonality criteria and karyotype description followed the recommendations of the International System for Cytogenetic Nomenclature (ISCN). 9 The tumor of the second infant was analyzed by comparative genomic hybridization (CGH), as previously described. [10] [11] [12] Fluorescence in situ hybridization (FISH) analyses to assess APC (5q22.2) copy number in both tumors were performed with bacterial artificial chromosome (BAC) clone RP11-124K18 targeting APC, labeled with SpectrumGreen (Abbott, Chicago, IL, USA) conjugated nucleotides in nick translation reactions, as previously described. 13 When the suspicion arose that these two patients could belong to previously unrecognized FAP families, genetic counseling was offered and detailed family history was obtained. After informed consent from the parents, the complete coding region and respective intron-exon boundaries of APC were screened for constitutional variants by denaturing gradient gel electrophoresis (DGGE), protein truncation test (PTT), and/or direct sequencing, as previously described. 14 Relatives were screened for the APC variants identified in the index patients by direct sequencing, following the criteria for genetic testing in FAP families. All APC variants described are according to LRG_130 (NM_000038.4) and to the Human Genome Variation Society guidelines, and were submitted to the APC LOVD database (http://www.insightgroup.org/variants/database/).
Assessment of b-catenin immunoexpression was subsequently evaluated on both Gardner fibromas with the antibody Clone 17C2 (Leica Microsystems, Wetzlar, Germany) using the Novolink Polymer Detection System (Novocastra, Leica Microsystems), and the analyses was performed in a light microscopy by an experienced pathologist. Somatic exon 3 CNNTB1 variants were screened in tumor DNA by automatic sequencing, as previously reported. 15 We searched for somatic APC variants in the second patient using the same approach as for the constitutional variant screening.
RESULTS
Chromosome banding analysis of the tumor of the first infant revealed the following karyotype: 46,XY,del(5)(q11q35),der(11) (11pter-411q14::?::11q23-411qter) [16] /46,XY [4] (Figure 1a) . The deletion of APC in 5q22.2 was confirmed by FISH (Figure 1b) , which in an infant with Gardner fibroma was highly suggestive of a second hit in the context of a constitutional APC variant. After genetic counseling of the family, the constitutional APC variant c.4687dup, p.(Leu1563ProfsTer4), which is novel and predicted to be deleterious, was found (Figure 1c ). Subsequent studies identified two additional family members carrying this variant and during genetic counseling we learned that the maternal grandmother had died with colorectal cancer and multiple polyps (Figure 1d) .
Analysis of constitutional DNA of the second infant with Gardner fibroma identified the deleterious APC variant c.5826_5829del, p.(Asp1942GlufsTer27) (Figure 2a) . As no cytogenetic alterations were found (data not shown), we searched for APC somatic point mutations in the tumor DNA and the variant c.1678A4T, p.(Lys560Ter), was found (Figure 2b ). During genetic counseling of the second family we learned that the proband had a two-year-old sister with hepatoblastoma, that the paternal grandfather had multiple polyps and colorectal carcinoma at the age of 60 years (diagnosed one year before), and that other distant relatives presented with multiple polyps, colorectal cancer, and breast cancer (Figure 2c ). Subsequent genetic testing in the family uncovered three additional carriers of the constitutional APC variant, including the proband's sister with hepatoblastoma and their father.
Both tumors showed nuclear staining for b-catenin (Figure 3 ), with absence of nuclear expression of b-catenin in normal cells, and sequence analysis of CTNNB1 exon 3 did not reveal any somatic variants (data not shown).
DISCUSSION
The prevalence of desmoid-type fibromatosis in FAP is around 10 to 25% and in some families it is the first disease manifestation. 16 These tumors have become an important cause of morbidity and even mortality. 17 For these reasons, it is important to fully characterize pediatric desmoid-type fibromatosis to identify previously unrecognized FAP families. Indeed, two groups have recently proposed algorithms to characterize the pathogenetic nature of desmoid-type fibromatosis involving immunohistochemistry for b-catenin and somatic variant analysis of CTNNB1, eventually followed by constitutional APC variant analysis. 18, 19 Gardner fibromas have been strongly associated with FAP, but the pathogenetic mechanisms originating these lesions are still largely unknown. 6, 7 We here present the first comprehensive cytogenetic and molecular characterization of Gardner fibromas.
In the first proband, a 5q deletion including APC in a Gardner fibroma diagnosed in an infant was highly suggestive of an APC constitutional variant, which was confirmed after adequate genetic counseling. Somatic APC deletions are found in a high percentage of desmoid-type fibromatosis associated with FAP and this was the mechanism of somatic inactivation of the second allele also in this Gardner fibroma. 20 The second infant with a Gardner fibroma also prompted genetic counseling and testing, and indeed a deleterious APC constitutional variant was also found. Interestingly, the second hit in this case was a novel APC somatic variant located outside the most common region in desmoids-type fibromatosis (codons 1324-1567). 5, 21 The finding of biallelic APC inactivation, nuclear b-catenin expression, and the absence of somatic CTNNB1 variants indicates that there is a pathobiologic relationship between FAP-associated desmoid-type fibromatosis and Gardner fibroma, and indeed the former has been shown to originate at the site of the latter. 6, 7 This work calls attention for the potential clinical importance of pathologists being able to recognize Gardner fibromas and shows that all such patients should be referred for genetic counseling of the family as they are very likely to be sentinel lesions of previously unrecognized FAP. 22 CTNNB1 or APC somatic variants and APC copy number losses may be investigated to fully identify the pathogenetic mechanism of a given Gardner fibroma. Since variants in CTNNB1 and APC are expected to occur in a mutually exclusive manner, this would allow the identification of the second hit in FAP-associated Gardner fibromas or, perhaps more importantly, in case a constitutional variant is not found, to confirm the sporadic nature of the lesion by identifying a somatic CTNNB1 activating variant or two inactivating somatic APC variants. The characterization of the somatic pathobiologic mechanisms may additionally be helpful for differential diagnosis, for instance between Gardner fibroma and desmoplastic fibroblastoma (which is characterized by 11q12 rearrangements instead of 5q22.2/APC deletions or mutations). 23 The confirmation of FAP diagnosis by the finding of a constitutional APC variant allows subsequent germline screening of family members at risk and adoption of prophylactic and therapeutic measures adequate to the syndrome in carriers, as shown in the two families we here present. 
